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PREFACE

This report documents the results of a contrail study requested by the Strategic Air Command
Deputy Chief of Staff for Operations. The study updates previous contrail forecasting
research done by Herbert Appleman for HQ Air Weather Service in 1953 Advancements in
aircraft power plants, especially the development of bypass turbofan engines, made the new
study necessary.

This attempt to update and improve current contrail forecasting methods was performed by
the SAC Directorate of Weather (SAC/DOW). The report describes the development of new
contrail forecast algorithms for several types of engines used in high-flying aircraft. It also
provides contrail forecasting rules that correlate synoptic-scale upward vertical motion with
contrail formation. The results indicate significant improvement in contrail forecasting
accuracy over the Appleman technique now in use at the Air Force Global Weather Central.

Tihe author wishes to acknowledge the contributions of the USAF Environmental Technical
Applications Center (USAFETAC); specifically, the Operations Applications Development
Section of USAFETAC'S Aerospace Sciences Branch. USAFETAC/PR--92/003, SAC (Conlrcail
Study,, by Capt Brian Bjornson, describes USAFETAC's considerable contribution to
SAC/DOW's research and development of the new contrail forecasting techniques.
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. 1. INTRODUCTION

Operational planners and pilots have been as well as the relative humidity and
concerned about aircraft condensation trails temperature at flight level, a "yes/no"
(contrails) since World War II, for obvious contrail forecast is possible
reasons. Contrails provide the first visual
clue that high-flying aircraft are In 1989, the Strategic Air Command Deputy
approaching. Contrails are also used to Chief of Staff, Operations (SAC/DO),
locate aircraft from other aircraft or from expressed concern with the accuracy of the
satellites. To avoid the possibility that contrail forecasts SAC aircrews were
aircraft will be detected by their contrails, receiving. A subsequent I TSAFETAC study
mission planners can make adjustments to (Miller, 1990) showed the current AWS
flight levels or routes for a given mission contrail forecasting algorithm to have poor
based on an accurate contrail formation skill. Concern from the operational
forecast and minimize the chances for community led the SAC Directorate of
detection, especially at critical mission Weather (SAC/DOW) to initiate the contrail
points, formation study described here. USAFETAC

continued to support SAC/DOW efforts with
Air Weather Service (AWS) has understood statistical analysis of new data (Bjornson,
the importance of contrail forecasts for some 1992).
years. A series of contrail formation studies
was begun in the 1950s. The results were This report documents the capability of the
presented in numerous AWS Technical current Air Force Global Weather Central
Reports, most by Appleman (1953), whose (AFGWC) contrail forecast model and
work advanced that of Goldie (1941a, b) and develops a better understanding of contrail
Dobson (1941). Appleman derived contrail formation as it relates to large-scale weather
formation curves that allowed for a graphic patterns. Contrail forecasting rules that
method of forecasting contrails. This correlate synoptic-scale vertical motion with
method, shown in Figure 1, uses a contrail formation are also presented, along
nomogram with ambient pressure, relative with new contrail forecasting algorithms for
humidity, and temperature as forecast three aircraft engine categories- non-bypass
variables. If the forecaster knows the turbojet, low-bypass turbofan, and high-
proposed flight level of the aircraft, bypass turbofan.
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. 2. PREVIOUS CONTRAIL FORECASTING RESEARCH

Goldie (1941 a) investigated the formation of Appleman's first contrail forecasting
clouds behind aircraft (contrails) and technique was based on these assumptions:
identified several factors that encouraged
their formation. Among those factors were That saturation with respect to water is
water vapor and condensation nuclei required.
produced by the combustion of aviation fuel.
Conversely, Goldie found that heating from That after water droplets form, immediate
engines and propellers tended to prevent freezing will occur-
contrail formation. Based on his findings,
Goldie suggested two operational tactics for That an ice crystal content of 0.004 gim3

avoiding the formation of contrails. First, is required for a visible contrail.
pilots should avoid levels at which cirrus
clouds are visible. Second, if contrails are Jiusto and Pilie (1964) gave a complete
present and the air is drier above, the pilot description of contrail forecasting and
should climb. Goldie also presented a visibility, including the dependence of
contrail forecasting aid, derived from contrail visibility on viewing angle. They
Spitfire III engine data, that gave also stated that Appleman's 1953 graphic
meteorologists and pilots an indication of forecast method could be used, but with a
flight levels at which contrails might form. few qualifications. Jiusto and Pilie

advanced contrail forecasting by first
Dobson (1941) also used data from the establishing a relationship between
Spitfire III study to produce a graph that synoptic-scale vertical motion and contrail
showed the relationships of temperature, formation and by developing engine-
relative humidity, contrail cross-section, and specific contrail forecast algorithms.
aircraft power setting. Dobson concluded
that contrails are possible when-ever cirrus By the late 1980s, the quality of operational
is expected and temperature is below -53' C contrail forecasts (which still used the basic
at cirrus height. Appleman technique), was questioned by the

SAC Director of Operations. After a
Appleman (1953). however, did the most USAFETAC study (Miller, 1990) confirmed
extensive work ever attempted on the that the current method had little skill,
subject of contrail formation, using simple SAC/DOW continued to work on methods
mixing cloud theory to represent contrail that would determine the moisture input
formation. For example, he represented the variable more accurately and submitted the
change in moisture and temperature in the resulting new method (which included an
aircraft's wake as Aw/AT (change in mixing engine-specific factor) to U JSAYETAC for
ratio/change in temperature); this ratio is evaluation and discriminant analysis. The
called the "critical slope." It represents the new engine-specific contrail forecasting
mixing of the engine exhaust with the algorithms were supported by USAFETAC's
environment. Appleman computed a critical empirical curves (Bjornson, 1992). When
slope value of 0.0336g/kg° C. His work moisture data is missing, it was found that
resulted in a contrail forecast nomogram the RH profile should be assumed to be 60%
(Figure 1) that used ambient pressure, in the troposphere and 20% in the
relative humidity, and temperature as stratosphere.
forecast variables.
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. 3. CONTRAIL FORMATION

Appleman (1953) and Jiusto and Pilie (1964) Figure 3 shows how knowledge of the initial
represented a contrail as a "mixing cloud," conditions lead to an accurate contrail
which forms when two parcels of air mix forecast. Three examples are shown using
and become supersaturated with respect to the same aircraft engine exhaust temperature
water, the formation of water droplets is the and moisture content (represented by point
result. This process is shown in Figure 2. A) and three different ambient air conditions

represented by points B, C, and D.
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• L
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L CL

0C.. L
00

0
>

Temper ct.ure
Temperoaure.Figure 2. The Formation of a 'Mixing

Cloud." Figure 3. Mixing Engine Exhaust and
Environmental Air.

An unsaturated mixture is represented by
the two parcels, S and N'. The resulting When A and B mix, the mixture never
mixture of S and N' is represented by the becomes supersaturated with respect to
line between the two points. Since this line water; contrails will not form. The mixing
never crosses the saturation vapor pressure of A and C results in supersaturation; a
curve, a cloud will not form. But since the contrail will form The mixture of A and D
line representing the mixing of parcels S and results in a saturated condition, Since D
N does cross the saturation vapor pressure was already saturated, will a contrail form'
curve, the mixture becomes supersaturated From the author's personal observation of
with respect to water and a cloud forms. In contrails forming in cirrus decks, he
the case of a contrail, the "mixture" is belie4.,h%.at the A-D mixture would result
composed of the engine exhaust gas and the in a contrail.
ambient air.

If we treat contrails as a mixing cloud and
Using mixing cloud theory, contrail assume that they form only when the
forecasting depends on an accurate mixture of engine exhaust and ambient air
representation of ambient air conditions, as reaches saturation, contrail forecasting
well as the temperature and moisture content would be a relatively simple matter.
of the engine exhaust gas. These variables Obtaining the initial conditions along a
are referred to as "initial conditions." given route, however, is neither easy nor
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simple. Some averaging, then, must be done Point J' represents engine exhaust gas The
to simplify the forecast scheme. line from J through S' represents the critical

slope. If the ambient condition is in the
Appleman (193') ,ntroduced the concept of shaded area, the mixture becomes
a "critical siope" to simplify contrail supersaturated at some point and a contrail
forecasting. The critical slope is simply the will form. If the ambient condition is to the
ratir of exhaust moisture to exhaust right of the critical slope, a forecast of "no
t'?mperature. Figure 4 is an example of how contrail" is indicated.
critical slope is used to forecast contrails.

The critical slope calculated by Appleman
S/ (1953) was based on the amount of energy

and moisture added to the engine exhaust
'J11 gas by the combustion of aircraft fuel.

I" Appleman determined this value to be
L 1 0.0336 g/kg° C. Because his research was
0 gconducted well before the development and

general use of the turbofan engine, an
. L update was required,
L
C, [New critical slopes for the three most
o> common engine categories (non-bypass

turbojet, low-bypass turbofan, and high-
bypass turbofan) are given in Chapter 6

Ternperoture Derivation of the new critical slopes was
based on the assumption that the fuel-to-air

Figure 4. Critical Slope in Contrail ratio for each category of engine is
Forecasting. significantly different.



4. CONTRAIL FORMATION AT OR BELOW 40,000 FEET

Since our analysis indicated that present The 1-year data collection effort resulted in
forecast methods underforecavi contrail a database that contained 4,387 observations
formation below 40,000 feet, but below 40,000 feet. Figure 5 shows the
overoreca~t contrails above 40,000 feet, geographic distribution of all contrail

the stud, was conducted in two parts, one reports collected below 40,000 feet
used data from at or below 40,000 feet, the
other from above 40,000 feet. As shown in the figure, the data was widely

distributed, but the highest concentration of
For the study of contrail formation at and reports was over California. Although the
below 40,000 feet, contrail observations data was collected over the United States,
were collected from SAC KC-135, RC-135, the results of the analysis should apply
EC-135, B- 1B. and B-52 aircraft from 1 May worldwide, contrail formation depends
1990 to 30 April 1991. Aircrews reported purely on exhaust gas characteristics, flight
time and date of observation, pressure level, and the ambient temperature and
altitude, corrected outside air temperature, relative humidity.
latitude, longitude, and contrail condition.

Figure 5. Geographic Distribution of Contrail Reports at and Below 40,000 Feet. The
database contained 4.387 reports, most from over the western United States (Bjornson, 1992)_
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All reports were reviewed for A simple statistical analysis was conducted
meteorological consistency. If the pressure in an attempt to further our basic
altitude and the outside air temperature were understanding of contrail formation We
not consistent, a dry adiabatic assumption started by analyzing all 4,387 contrail
(combined with use of the standard reports collected at or below 40,000 feet
atmosphere for altitude) was used to correct The total number of contrail occurrences
the temperature. The 300-mb chart that best was 1,121, or 25 5% of observations Non-
coincided with the report time was most occurrences were reported in 3,266 reports.
often used as an initial reference point for or 74,5%-
the temperature correction when needed.

Figure 6 shows that the percent occurrence
All data was analyzed for correlations and frequency of contrails increases from near
sensitivities using temperature, altitude, zero at 15,000 feet to near 85% at 39,000
vertical motion, and combinations of the feet. But the seasonal data (not shown)
three as key elements. The sign of the suggests that the percent frequency of
vertical motion (- or -) was estimated, using contrails at lower altitudes is greater in
the 300-mb trough or ridge pattern. Upward winter and spring than in summer and fall.
motion was assumed to exist between the The percent frequency of contrails at a given
base of a trough and the apex of the altitude, on the other hand, varies
upstream ridge. Downward motion was considerably with location because contrail
assumed between the apex of the ridge and formation is highly dependent on ambient
the base of the upstream trough temperature

% OCCURRENCE
100

80

60

4O0 v _

/+

20

0 I

0 100 200 300 400 500

ALTITUDE

Figure 6. Contrail Percent Occurrence Frequency as a Function of Altitude.
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* The results of our temperature analysis are As temperature continues to decrease, the
shown in Figure T They show that contrails frequency of contrail occurrence increases
form at temperatures as high as -10' C. dramatically, reaching 73% at -51' C
This agrees with Rangno and Hobbs (1983) Below -51' C, frequency remains above
who reported the presence of 70%. From Figure 7, the range of-49c' C <
"aircraft-produced ice particles" in clouds T Ž-40' C is the transition zone from
with temperatures of -8' C. As the Jrv'orhIe to unftixorable contrail formation
temperature decreases, the frequency of conditions. Since many military aircraft
contrails increases slowly from 8% in the operate in this range, the ability to forecast
-20 to -29' C range to 12% in the -30 ccntrails there is critical.
to -39' C range.

% OCCURRENCE

100 "

80

/
60 -

40

0 -10 -20 -30' -40 -50 -60 -70

TEMPERATURE

Figure 7. Contrail Percent Occurrence Frequency as a Function of Temperature.

The correlation between contrail occurrence important to contrail formation The sign of
and vertical motion was also analyzed the vertical motion was estimated using the
closely, with the assumption that since 300-mb trough-ridge pattern. Table I shows
synoptic-scale upward vertical motion the sensitivit- of contrail formation to
produces the saturation vital to the vertical motion
formation of clouds, it would also be

*



TABLE 1. Contrail Formation Sensitivity to Vertical Motion. As shown, the chances for
contrail formation increase drastically when upward motion occurs in either of the three
temperature categories.

_390_<T_<_300 -490_<T_<-400C T_<-500C

Upward Motion 126 381 185
and Occurrence

Upward Motion 640 338 36
and Non-Occurrence

Downward Motion 43 142 150
and Occurrence

Downward Motion 563 652 226
and Non-Occurrence

Upward Motion and 126/766 381/719 185/221
Occurrence/Total
OBS with Upward 16% 53% 84%
Motion

Downward Motion 43/606 142/794 150/226
and
Occurrence/Total 7% 18% 66%
OBS with Downward
Motion

For temperatures higher than -500 C, the Similarly, the contrail frequency for the
table shows a large increase in contrail -49'_<T_<-46' C category was 48%; 73%
frequency with synoptic-scale upward were associated with upward motion. At or
motion. This correlation between vertical below -50' C, vertical motion is not as
motion and contrail occurrence indicates the important as a discriminator in contrail
importance of relative humidity in contrail formation,
formation. For temperatures between -30
and -39' C, the 16% frequency of From this analysis, it is apparent that
occurrence with upward motion shown in vertical motion has potential as a forecast
Table I is only slightly higher than when variable in the -49_<Tf<-40c C range.
considering temperature alone as a forecast Chapter 8 outlines more details of the
input variable. Between -40 and -45' C, vertical motion/contrail formation
29% of the observations had contrail relationship when coupled with
occurrences, and 46% of those were engine-specific algorithms.
associated with upward motion.
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. 5. CONTRAIL FORMATION ABOVE 40,000 FEET

For the portion of the study that considered Other (and perhaps more important)
contrail formation above 40,000 feet, limitations in reporting contrails above
contrail observations were collected by U-2 40,000 feet include the limited ability of
and TR-I aircraft from May 1990 to August pilots to see non-persistent or thin contrails
1991. Pilots reported time, date, pressure U-2 pilots in particular may not have been
altitude, corrected outside air temperature, able to see contrails (especially non-
latitude, longitude, and contrail condition. persistent contrails) because it is difficult to
The effort resulted in a database of 1,040 see directly behind the aircraft In at least
observations, 61% of which reported contrail one case, the pilot of an AWACS aircraft
occurrence. As before, the data was reported a persistent contrail behind a U-2
analyzed for trends and sensitivities, using when the U-2 pilot could not see it. The
temperature and altitude. detection of contrails at different view

angles is discussed by Jiusto and Pilie
Although the higher altitude data collection (1964).
was from a comparatively small
geographical region, the results can be We performed a simple statistical analysis
transferred to other regions with a few of the high-altitude data in an attempt to
adjustments. The most significant further the understanding of high-altitude
geographical variable appears to be the contrail formation. The temperature data
height of the tropopause, which is important showed a 24% frequency of occurrence of
because of the decreased moisture and contrail formation in the -66°_<T_<-60° C
different temperature profile in the category, and a 66% frequency for
stratosphere. The data used in this study the -69 0 <T<-67° C category. For T_-70° C,
was collected in an area where the average the frequency was 92%. The altitude data
tropopause height was about 54,000 feet. indicated an 82% contrail formation

frequency at or below 63,000 feet, falling
Although the small data collection area was sharply to only 37% above 63,000 feet. This
relatively small, knowledge of the sharp decline appears to be the result of the
tropopause height in the area of interest drier and warmer stratospheric moisture and
minimizes the problem. temperature profile in the data collection

area.
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6. VERIFICATION STATISTICS

The Air Force Global Weather Central Table 2 shows the results of this analysis for
(AFGWC) 18-hour contrail forecast model data at or below 40,000 feet As shown in
and the Appleman (1953) contrail forecast the table, the POD (probability of detection)
graph shown in Figure 1 were both verified is the ratio of correct forecasts to the
as part of this study. The AFGWC 18-hour number of times the event occurred. The
forecast model uses the Appleman forecast FAR (false alarm rate) is the ratio of
method, but with forecast temperatures and incorrect forecasts to the number of times
assumed relative humidities. The Appleman the event was forecast. Hanssen and
method can use either forecast or observed Kuipers (1968) developed the discriminant
data, For this study, the Appleman method "V" score (VDS), which gives an impartial
was verified using observed temperatures measure of forecast accuracy by using a 2 by
and relative humidity assumptions of 40% in 2 matrix. The range of the VDS is from -I
the tropopause, 70% near the tropopause, (no skill) to I (perfect skill).
and 10% in the stratosphere.

TABLE 2. Verification Statistics: The Appleman Method Vs AFGWC's 18-Hour
Forecast at or Below 40,000 Feet.

OCCURRENCE NON-OCCURRENCE

POD FAR POD FAR VDS

APPLEMAN 27% 20% 98% 20% 0.25

GWC 24% 18% 98% 21% 0.22

For data at or below 40,000 feet, the The Appleman method, then, is shown to
Appleman method correctly forecast 3,199 severely underforecavl contrail occurrences
non-occurrences out of 3,277 chances, for a at or below 40,000 feet.
POD of 98%. The AFGWC 18-hour forecast
model forecasted 2,664 non-occurrences On the other hand, the VDS for the
correctly out of 2,714 chances, also giving Appleman method (0.25) and AFGWC
a POD of 98%. The verification of forecast (0.22) showed at least some skill at
occurrences, however, was much worse. or below 40,000 feet. The skill shown,
The Appleman method correctly forecast 305 however, was so low that the search for
occurrences out of 1,125 chances for a POD other, better, contrail forecasting schemes
of only 27%. The AFGWC 18-hour forecast continued. Chapters 6 and 7 describe those
model forecast 225 occurrences out of 930 new techniques and their development.
chances for a POD of only 24%.



Table 3 shows the results of the verification The Appleman method, then, underforecasts,
fý -'1ta above 40,000 feet. The Appleman non-occurrences above 40,000 feet, the

od correctly forecast 190 opposite of its performance below 40,000
currences of 407 chances, for a POD feet- The VDS for both Appleman and

C o; the AFGWC model had a POD of AFGWC is significantly higher above
8(1, Occurrence verification for the 40,000 feet, but the lack of skill in
Appleman method was 601 occurrences forecasting non- occurrence shows that
forecast out of 633 chances, for a 95% POD. improvement is needed. The next few
The AFGWC model forecast 209 chapters describe new algorithms for high-
occurrences out of 327 chances, for a 64% altitude contrail forecasting.
POD.

TABLE 3. Verification Statistics: The Appleman Method Vs AFGWC's 18-Hour
Forecast above 40,000 Feet

OCCURRENCE NON-OCCURRENCE

POD FAR POD FAR VDS

APPLEMAN 95% 27% 46% 12% 0.42

GWC 64% 16% 80% 43% 0.43

12



. 7. ENGINE-SPECIFIC ALGORITHMS

Appleman (1953) developed his contrail TABLE 4. Critical Slope Comparison at
forecasting method by using the ratio of 35,000 Feet.
moisture to energy released by the
combustion of jet fuel, then converting that Appleman 00336 g/kgC
relationship to a mixing ratio to
temperature ratio. As given earlier in this Non-bypass 0.0360 g/kgC
report, this value ("critical slope") was
0.0336 g/kg' C. Knowing the critical slope Low-bypass 0.0400 g/kgC
makes it possible to produce the contrail
forecast method shown in Figure 1. The High-bypass 0.0490 g/kgC
physics behind the basic method for
forecasting contrails (the mixing cloud The result is a significantly different critical
theory) was discussed in Chapter 2, temperature (the temperature at which
However, the verification statistics in Tables contrails will form at a given flight level
2 and 3 suggest that the critical slope value and relative humidity) for each of the three
of 0.0336 g/kg' C is inadequate for the jet engine types. The critical slope was not
engines in use today. Working from this only different for each engine type, but it
hypothesis, new contrail forecast algorithms changed slightly with flight level for each
for three classes of jet engines were engine type. By combining critical slopes
investigated, and saturation vapor pressure curves (as

shown in Figure 2), critical temperatures
Engine characteristic data for a non-bypass were obtained for various flight levels and
turbojet and for low- and high-bypass relative humidities. Critical temperatures
turbofan engines were obtained from United derived at various flight levels were used to
Technologies/Pratt & Whitney. Engine obtain additional critical temperatures by
exhaust characteristics (tailpipe moisture interpolation. The resulting critical
and temperature) were obtained for a wide temperatures for each of three Pratt &
range of power settings, Mach numbers, and Whitney jet engines are given in Figure 8
flight levels. (non-bypass turbojet PWJ75), Figure 9 (low-

bypass turbofan PWTF33), and Figure 10
New critical slopes were then calculated for (high-bypass turbofan PWF I17). These
various flight levels and compared to results are significantly different from the
Appleman's. In Table 4, the new values for original Appleman nomogram in Figure 1.
35,000 feet are compared to Appleman's
original.
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Figure 9. Low-Bypass Engine Contrail Algorithm.
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Figure 10. High-Bypass Engine Contrail Algorithm.
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